In a previous study, we performed a genome-wide quantitative trait loci (QTLs) analysis for blood pressure using F2 rats derived from Dahl salt-sensitive (DS) and Lewis (LEW) rats and identified two QTLs that influenced blood pressure levels. Although we determined that one of the causative genes in the chromosome (Ch) 1 region seemed to be Klk1, we did not perform detailed analyses on the Ch10 QTL region. The purpose of the present study was to identify candidate genes that influence blood pressure in the Ch10 QTL region.
Introduction
Dahl salt-sensitive (DS) rats have been widely used to study salt-sensitive hypertension. Sixteen genomic regions containing quantitative trait loci (QTLs) for blood pressure (BP) regulation have been reported in this strain (1) (2) (3) . However, all of the major genes responsible for this salt-sensitive hypertension have not yet been confirmed, despite numerous genetic studies.
In a previous study, we performed a genome-wide QTL analysis for BP using 107 male F2 rats derived from DS and Lewis (LEW) rats (4) . BP was measured by a telemetry system, and the genotypes of the F2 rats were determined with > 400 genetic markers throughout the genome. We identified two QTLs that influenced BP levels: a broad chromosome (Ch) 1 region around Klk1 and a broad Ch10 region around Pex12. Although we determined that one of the causative genes in the Ch1 region seemed to be Klk1, we did not perform detailed analyses on the Ch10 QTL region. The purpose of the present study was to identify candidate genes that influence BP in the Ch10 QTL region. For this purpose we performed microarray analyses in the kidneys of DS and LEW rats. We compiled a list of the genes that are differentially expressed between the two strains that localized to the Ch10 QTL region, and identified an intriguing candidate gene, the Ccl2 gene, the product of which is known as the monocyte chemoattractant protein-1 (MCP-1).
Methods Experimental Animals
DS and LEW rats were purchased from Sunplanet (Tokyo, Japan) and Charles River Japan (Yokohama, Japan), respectively. Rats were housed in a temperature-controlled room with the light on from 7:00 AM to 7:00 PM (daytime) and fed normal rat chow (0.5% NaCl; Clea Japan, Tokyo, Japan) and tap water ad libitum.
The details of F2 analysis have been described previously (4) . Briefly, male DS rats were mated with female LEW rats to produce F1 rats, and F1 rats were then intercrossed to produce an F2 population consisting of 107 male rats. F2 rats were started on an 8% NaCl diet (Oriental Yeast, Tokyo, Japan) at 5 weeks of age according to the protocol described by Garret et al. (1) . Radiotelemetry devices (Data Sciences International, Arden Hills, USA) were implanted into the lower abdominal aorta of F2 rats at 9 weeks of age using sodium pentobarbital as an anesthetic agent (25 mg/kg i.p.). Just 2 days before BP levels were assessed by telemetry, rats were housed in metabolic cages and their urine was collected for 48 h for the assessment of urinary albumin (UA) levels. At 14 weeks of age, BP and heart rate were continuously measured for 44 h (daytime 7:00 AM to 7:00 PM; nighttime 7:00 PM to 7:00 AM), and the data obtained during the latter 24 h were used for analyses. The results were analyzed using Fluclet TM software (Dainippon Pharmaceutical, Osaka, Japan) (5). The present study was conducted in accordance with the current guidelines for the care and use of experimental animals of the National Cardiovascular Center.
Genotyping and QTL Analysis
Genotyping was performed by polymerase chain reaction (PCR) using appropriate PCR primer pairs (custom-made by Amersham Pharmacia Biotech, Piscataway, USA), based on information from the Rat Genome Database (http:// rgd.mcw.edu/) and Ratmap (http://ratmap.gen.gu.se/). We found sequence variations between DS and LEW rats in several genes, and these polymorphisms were also included in the genotyping data. We separately analyzed QTLs for daytime systolic BP (D-SBP), diastolic BP (D-DBP), nighttime systolic BP (N-SBP), diastolic BP (N-DBP), and UA levels using MapManager QTLb20.6 (6) . UA excretion per day was logarithmically transformed to attain a normal distribution (log10[UA/day]). We first performed a Quick Test to obtain significant thresholds for BP and UA values. The likelihood ratio statistics (LRSs) for suggestive, significant, and highly significant loci were calculated to be 12.3, 17.7, and 25.9, respectively. Next, we performed a marker regression for these 4 BP and UA values. The most significant QTL was added to the background, and a second marker regression was performed to obtain the second QTL, which was added to the background to obtain the third QTL.
Microarray Analysis
Male DS and LEW rats (n= 3 each) were fed an 8% NaCl diet starting at 5 weeks of age for 8 weeks. Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad, USA) from DS and LEW kidneys, and subjected to microarray analysis. Procedures for the microarray analysis were essentially identical to those reported previously (7) . The rat genome GeneChip ® Rat Genome 230 2.0 arrays were used in the present study. The resulting data were analyzed with GeneChip Operating Software. Three independent experiments were performed to compare expression levels of mRNAs between saltloaded DS and salt-loaded LEW rat kidneys (the raw data have been submitted to NCBI; GEO accession number: GSE 4800). We selected genes whose expression levels were modulated more than 2-fold or less than 0.5-fold in all three independent assessments. Genes with expression levels below 100 in both strains were excluded due to unreliability. We then selected genes that were localized to the Ch10 QTL region between D10Rat32 and D10Rat93.
Northern Blotting
Male DS and LEW rats (n= 6 each) were fed an 8% NaCl diet starting at 5 weeks of age for 8 weeks, while control groups (n= 6 each) were fed an 0.3% NaCl diet for the same period. Total RNA samples were prepared from kidneys as described above and subjected to Northern blot analyses. Aliquots of total RNA (10 μg) were separated by 1% denatured agarose gel electrophoresis and transferred to a Zeta-Probe membrane (Bio-Rad, Hercules, USA). After prehybridization for 1 h at 65°C, the membranes were subjected to hybridization for 16 h at the same temperature and in the same solution containing 32 P-labeled Ccl2 or Gapdh cDNA fragments as probes. The cDNA fragment was prepared by reverse-transcription (RT)-PCR with the following amplimers: Ccl2-forward, 5′-agtcgg ctggagaactacaa; Ccl2-reverse, 5′-taccttggactctcaaacac; Gapdh-forward, 5′-ccactcagaagactgtgga; Gapdh-reverse, 5′-cctctctcttgctctcagta. It was then labeled by using a Prime-It II Random Primer Labeling Kit (Stratagene, La Jolla, USA). After hybridization, the membranes were washed twice for 5 min each time at room temperature with 2 × SSC and 0.1% SDS, and twice for 30 min each time at 60°C with 1 × SSC and 0.1% SDS. Hybridized signals were detected and quantified by a BAS-2500 imaging system (Fuji Film, Tokyo, Japan).
Culture of Rat Mononuclear Cells and MCP-1 ELISA
Mononuclear cells from peripheral blood of 10-week-old DS and LEW rats (n= 5 each) were isolated using NycoPrep 1.077A (AXIS-SHIELD, Oslo, Norway) and cultured in RPMI1640 with 10% fetal calf serum in an atmosphere of 5% CO2 and 100% relative humidity at 37°C. One hour later, the medium was aspirated and the cells were washed twice with 1 × PBS to remove floating cells. Adherent cells were cultured for 24 h in the presence or absence of 10 μg/ml lipopolysaccharide (LPS) (Sigma, St. Louis, USA). The culture media were centrifuged at 1,100 rpm for 5 min and the supernatants were frozen at −80°C until use. Adherent cells (monocytes) were harvested in 250 mmol/l Tris-HCl (pH= 7.4) and the freeze/thaw procedure was repeated three times. The cell suspension was sonicated for 2 min and the protein levels were determined using a BCA Protein Assay Kit (Pierce, Rockford, USA). The concentrations of MCP-1 (the product of the Ccl2) in the culture medium were determined using an Endogen Rat MCP-1 ELISA Kit (Pierce). ELISA was performed according to the manufacturer's protocol. The concentrations of MCP-1 were corrected by total cellular protein levels. Statistical analysis was performed by two-way ANOVA followed by Turkey's HSD test. 
Sequence Analyses of Rat Ccl2
Genomic DNAs were extracted from the livers of 10-weekold DS and LEW rats using proteinase K and phenol (8) . The entire sequences of the 5′-flanking region (up to −2.3 kb) of Ccl2 of DS and LEW were determined. The primers used for sequencing are shown in Table 1 .
C o n s t r u c t i o n o f R e p o r t e r P l a s m i d s a n d Luciferase Assay
The promoter regions of DS and LEW rats (up to −2.3 kb) were amplified with PS4 and PA1 primers (Table 1) using KOD-Plus-DNA polymerase (TOYOBO, Osaka, Japan). The PCR products were gel-purified and subcloned into the XhoI and HindIII site of the pGL3-Basic vector (Promega, Madison, USA). RAW264.7 cells were cultured in 6-well plates and transiently cotransfected with 4 μg of reporter plasmid and 0.4 μg phRL-TK (Promega) per well using the Lipofectamine 2000 reagent (Invitrogen). After being incubated for 24 h, the cells were washed with 1× PBS and incubated in fresh medium for 24 h in the presence or absence of 10 μg/ml LPS. The luciferase assay was performed using a DualLuciferase Reporter Assay System (Promega) according to the manufacturer's protocol.
Results

QTL Analyses for BP and Albumin
A total of 418 polymorphic markers in all of the 107 F2 rats were genotyped, and some of them gave identical genotype data. Thus, the data on 383 effective genotypes were finally obtained, as described previously (4) .
Marker regression analysis indicated that the most significant marker for each of the 4 BP values was D1Rat27, and this locus was added to the background to perform a second marker regression for 4 BP values (D-SBP, D-DBP, N-SBP, N-DBP), which indicated that the Ch10 Pex12 region was the second QTL for each of the 4 BP values. Figure 1A provides LRS plots for the linkage to BP for Ch 10 controlled by D1Rat27. This Ch10 QTL around Pex12 was a suggestive QTL for BP values, except D-SBP (Fig. 1A) .
Marker regression analysis of UA levels did not identify a statistically significant QTL for UA levels. However, a Ch10 region near Pex12 (around D10Rat116) reached a level (LRS= 11.3) just below a suggestive level (suggestive LRS= 12.2) (Fig. 1B) .
Identification of Differentially Expressed Genes
There are 514 annotated genes between the markers of D10Rat32 and D10Rat93 (Table 2 ). Microarray analyses in the kidneys indicated that 8 genes in this Ch10 QTL region might be differentially expressed (Table 3) . However, subsequent RT-PCR and Northern blot analyses showed that Ccl2 was the only gene that was differentially expressed between DS and LEW rats after salt loading. As described above, this Ch10 QTL for BP incidentally overlapped the possible QTL for UA. UA is a marker of renal injury, and thus it is likely that the gene that contributes to hypertension in DS in this Ch10 QTL may be related to kidney injury. Since MCP-1 (the product of Ccl2) is well known to be involved in various types of renal injury, Ccl2 is the most likely candidate for hypertension, and we focused on this gene for further analysis in the present study.
Confirmation of the Differential Expression of Ccl2
Northern blot analysis confirmed that the Ccl2 mRNA levels were increased in DS rats compared to those in LEW rats after salt loading ( Fig. 2A) . While the expression levels of Ccl2 mRNA were not different between the kidneys of DS and LEW rats fed a normal diet, those in DS were 10-fold higher than those in LEW under a high-salt diet (Fig. 2B) . Sequence analysis of Ccl2 in DS and LEW rats identified seven polymorphisms in the promoter region (up to −2.3 kb) (Fig. 3A) . However, a luciferase reporter assay in a mouse monocytic cell line (RAW264.7) indicated that the differential expression between DS and LEW rats was not due to these promoter polymorphisms (Fig. 3B) . Luciferase activity under this 2.3 kb promoter region was upregulated by LPS stimulation, but the promoter activity in DS rats was not significantly different from that in LEW rats (Fig. 3B) . The expression levels of Ccl2 mRNA might be influenced by an enhancer sequence at a distance of several megabases, intronic sequences, or sequences in 3′ untranslated regions. Even if the differential expression might be due to sequence differences between DS and LEW rats, it would be difficult to pinpoint the responsible sequence differences.
To rule out the possibility that the differential expression of Ccl2 between DS and LEW rats was due to the secondary influences of hypertension after salt loading, monocytes were isolated from peripheral blood and the production of immunoreactive MCP-1 was assessed in both strains. The production of MCP-1 was very low under unstimulated conditions, and was upregulated by LPS treatment (Fig. 4) . The production of MCP-1 under LPS treatment in monocytic cells isolated from DS rats was 2.5 times higher than that in monocytic cells from LEW rats (p< 0.01).
Discussion
We previously identified two QTL regions (Ch1 and Ch10) that influenced BP using an F2 cohort from DS and LEW, and reported that one of the candidate genes in the Ch1 QTL region is Klk1 (4). In the present study, we further analyzed the second QTL region (Ch10). This Ch10 QTL for BP, in contrast to the Ch1 QTL region, appears to overlap a possible QTL for UA, a marker of renal injury. This coincidence may indicate that a gene that contributes to high BP in this region may mediate its influence through renal injury.
After differentially expressed genes were screened by microarray, we determined that Ccl2 is the only differentially expressed gene in this Ch10 QTL region. Ccl2 is well known to be involved in various types of renal injury (9) (10) (11) , and the down-regulation of Ccl2 has been reported to ameliorate renal injuries in various pathological models (12) (13) (14) . Thus, Ccl2 appears to be the most likely candidate gene for hypertension in this Ch10 QTL.
The possible involvement of Ccl2 in the pathogenesis of hypertension in DS has not been reported. However, tubulointerstitial injury with macrophage infiltration has been reported to be one of the features of DS kidneys (15) . Moreover, tubulointerstitial inflammation is now recognized as one of the mechanisms for salt-sensitive hypertension (16) . It is likely that a higher expression of Ccl2 might aggravate macrophage infiltration, which in turn could aggravate tubulointerstitial injury, which finally could accelerate salt-sensitive hypertension. In support of this hypothesis, anti-MCP-1 gene therapy has been reported to ameliorate various types of renal injury, including ischemia-reperfusion injury (17) , proteinoverload renal injury (18) , unilateral ureteral obstruction (19) , and a nephritis of lupus model (20) . Moreover, it has been reported that tubular injury in nephrotoxic serum nephritis is remarkably less common in Ccl2 knockout mice than in wild-type mice (21) .
The existence of QTLs for salt-sensitive hypertension in Ch10 has also been reported by Deng and Rapp (22) . They further divided this QTL region into four distinct QTLs (QTL1-4) by establishing congenic strains (23) (24) (25) . Our Ch10 QTL involves their QTL1, QTL3, and QTL4. Ccl2 appears to be localized in the border of their QTL4. They have not yet identified the causative genes in these regions.
We tried to identify cells that expressed Ccl2 mRNA in the kidney. Immunohistochemical analysis showed that tubular cells were stained with an anti-MCP-1 antibody, while in situ hybridization analysis showed that uncharacterized interstitial cells were stained with an antisense probe (data not shown). MCP-1 production has been confirmed in monocytic cells in the present study and has been reported in mesangial cells (26) . Further study will be required to identify the sites of MCP-1 production in the kidney.
Even though this Ch10 QTL for high BP appears to overlap the QTL for UA, and Ccl2 is a good candidate for salt-sensitive hypertension in DS, our hypothesis depends solely on indirect evidence. It is possible that the increased expression of Ccl2 in DS rats after salt loading may be secondary to kidney injury, and may not play a primary role in the pathogenesis of hypertension. Some genes other than Ccl2 in this chromosomal region might be responsible for hypertension. In this regard, it is worth noting that we recently investigated the expression profiles of microRNAs in the kidneys of DS and LEW, and found no significant differences between the two strains (27) . Direct evidence that anti-MCP-1 therapy could ameliorate salt-sensitive hypertension in DS will be needed to support our hypothesis. However, it is technically difficult to suppress MCP-1 activity during the salt loading period. Transgenic DS rats with anti-MCP-1 RNAi might be useful for obtaining definitive support for our hypothesis.
The Rat Genome Project is almost complete, and precise maps of protein-coding genes are now available. However, a recent analysis of mRNA transcripts has clarified that more than 70% of chromosomal DNAs are transcribed, and more than 50% of mRNAs are non-coding (28, 29) . The concept of the genome is being revolutionized, and it now seems misleading to limit candidate genes to protein-coding genes. Understanding the non-coding RNA world may be necessary to advance our understanding of polygenic diseases, including hypertension.
